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Structure and function of renal macrophages and dendritic cells
from SLE-prone mice
Ranjit Sahu, PhD, Ramalingam Bethunaickan, PhD, Satwinder Singh, MBBS, and Anne
Davidson, MBBS
Center for Autoimmune and Musculoskeletal Diseases, Feinstein Institute for Medical Research,
350 Community Drive, Manhasset, NY, 11030.
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Abstract
Objective—To characterize renal macrophages and dendritic cells in two murine lupus nephritis
models.
Methods—We used a bead based enrichment step followed by cell sorting to isolate populations
of interest from young and nephritic mice. Cell morphology was examined by microscopy.
Arginase and nitrite production were examined using biochemical assays. Antigen presentation
function was determined using mixed lymphocyte reactions. Selected cytokine, chemokine and
TLR profiles were examined using quantitative real time PCR.
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Results—We identified two populations of macrophages and three populations of dendritic cells
in both SLE models. F4/80hi macrophages, that are normal kidney residents and increase during
nephritis, do not produce either arginase or nitrite upon cytokine stimulation and acquire a mixed
pro and anti-inflammatory functional phenotype during nephritis that resembles the constitutively
activated phenotype of gut F4/80hi macrophages. The various cell types differ in their expression
of chemokine receptors and TLRs, consistent with variability in their renal location. Resident renal
CD103+ DCs are the best antigen-presenting cells and can easily be distinguished from CD11chi
myeloid DCs that accumulate in large numbers during nephritis.
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Conclusions—Our study highlights the heterogeneity of the macrophage/DC infiltrate in
chronic SLE nephritis and provides an initial phenotypic and functional analysis of the different
cellular components that can now be used to define the role of each subset in nephritis progression
or amelioration. Of note, the dominant macrophage population that accumulates during nephritis
has an acquired phenotype that is neither M1 nor M2 and may reflect failure of resolution of
inflammation.
Macrophages and dendritic cells (DCs) play a vital role in adaptive immune responses by
processing and presenting antigens to T cells in secondary lymphoid tissues. These cells also
reside in peripheral tissues where they have both sentinel and tolerogenic roles (1-4).
Mononuclear cells are rapidly recruited to peripheral organs upon local injury, and
differentiation and expansion may also occur in situ (5-6). These cells have a high degree of
plasticity, with the same cell being sequentially able to mediate tissue injury and repair
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(7-9). Given the pluripotent functions of mononuclear phagocytes it is not surprising that
many phenotypic and functional variants have been described (10-14).
Mononuclear phagocyte populations in normal kidneys have been only partially
characterized (8, 15-18). The dominant resident population has both macrophage and DC
like features and forms a network throughout the interstitium and surrounding glomeruli
(19-22). Macrophages that initially enter the kidneys following acute renal injury express
Ly6C/Gr1 and secrete pro-inflammatory cytokines typical of classically activated “M1”
macrophages (6, 18, 23-24). In contrast, during the repair phase these cells may switch their
phenotype to a pro-repair “M2” phenotype (8-9).
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CD68+ mononuclear phagocyte infiltration in chronic lupus nephritis is associated with a
poor prognosis in humans (25-27). Several subtypes of these cells have been identified in
lupus nephritis biopsies but their functions and origins are unknown (28-29). Using three
different murine SLE nephritis models we have shown expansion and activation of the
dominant CD11b+/F4/80hi population and strain dependent infiltration with CD11chi
myeloid DCs (20, 22). In the present study we used a bead based method followed by cell
sorting to isolate homogeneous populations of renal mononuclear phagocytes that reflect the
original cellular distribution. Using this method we identified 5 subsets of renal
mononuclear phagocytes, 4 of which were simultaneously isolated from the kidneys of two
different strains of lupus prone mice. This approach allowed us to study the structural and
functional status of different cell subsets from pre-diseased and nephritic mice that were
subjected to similar in vivo and in vitro conditions. Our data show that the standard
inflammatory (M1) vs. anti-inflammatory (M2) paradigm is insufficient to understand the
chronic inflammation associated with SLE nephritis.
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MATERIALS and METHODS
Laboratory animals
Female NZB/W and male NZW/BXSB mice were followed clinically as previously
described (20, 30). We analyzed young mice of 10-12 weeks without serum autoantibodies
or proteinuria and diseased mice (>20 weeks for NZW/BXSB and >30 weeks for NZB/W
mice) with ≥300mg/dl proteinuria for >2 weeks. C57BL/6 mice were aged to 24 weeks in
our facility. All experiments were approved by the IACUC of the Feinstein Institute for
Medical Research.
Isolation of macrophages and DCs
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Kidneys were processed as previously described (22) and the cell pellet was resuspended in
PEB buffer (0.5% BSA, 2mM EDTA in PBS pH 7.4) containing anti-mouse CD16 (BD
Pharmingen San Diego, CA). Anti-CD11c coated MACS beads (Miltenyi Biotech –
Bergisch-Gladbach, Germany) 10ul/107 cells were added for 15 minutes followed by antiCD11b coated beads for 15 minutes. Cells were then stained with anti-F4/80-PE (Invitrogen,
Carlsbad, CA), anti-CD11c-FITC (BD Pharmingen) and anti-CD11b-APC (eBiosciences,
San Diego, CA) and loaded into the AutoMACS. Separation of the labeled cells was
performed using either POSSEL_S or POSSEL_D program.
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The positive fraction was further fractionated by cell sorting as shown in Figure 1 and the
purity of the populations was evaluated by post sort analysis. Populations were further
characterized by staining with anti-mouse CD103-PerCP-Cy5.5, BTLA-PE, 33D1-biotin,
F4/80-Pacific blue (Biolegend, San Diego, CA), CD8α-PerCP, MHCII-AF700, CD14PerCp-Cy5.5 (eBiosciences), CD43-PE, CD62L-PE, MHCI-FITC (BD Pharmingen),
DEC205-PE (Miltenyi Biotech) and VLA4-FITC (Southern Biotech, Birmingham,
Alabama) (20, 22).
Wright Giemsa staining of purified cells
104 sorted cells were used for cytospin (600rpm). Slides were fixed in ice-cold methanol and
stained according to manufacturers’ instructions (Volu-Sol. Inc. Salt Lake City, UT).
Phase contrast microscopy to study motility of sorted populations
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Isolated cell populations were cultured in DMEM/10% FCS with 10ng/ml M-CSF
(macrophages) or GM-CSF (DCs) for 24-48 hours. The morphology and movement of the
cells was monitored using a ZEISS microscope for 5 minutes in time lapse mode of 5-15
seconds.
Phagocytosis
Renal cell suspensions stained as above, were resuspended in DMEM with 10% FCS and
incubated with 1μm fluorescent beads (YG 18860, Polysciences Inc., Warrington, PA) for
30 minutes at 37°C. Control incubations were carried out at 4°C. Cells were washed, and
analyzed by flow cytometry.
Assay for iNOS and arginase activity
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Sorted F4/80hi cells were cultured with M-CSF (10ng/ml) and either IFNγ (10ng/ml) (R&D
Systems, Minneapolis, MN) and LPS (100ng/ml) or IL4 alone (10ng/ml) for 48 hours. Bone
marrow cells were cultured for 5 days in 10% DMEM with M-CSF and then treated with
IL-4 or LPS +/− IFN-γ for 48 hours. The supernatant was assayed for nitrites using the
Griess Reagent kit (Invitrogen).
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Arginase activity was measured in bone marrow cells and in the F4/80hi population as
previously described (31). 50μl of 9.5mM MnCl2 in 50mM Tris-HCl (pH 7.5) was incubated
at 55°C for 10 min with 50ul of sample lysed in 0.1%Triton-x-100 with protease inhibitors,
(Roche Diagnostics, Mannheim, Germany). 25μl of 0.5M arginine (pH 9.7) was added and
incubated at 37°C for 60 min. 200ul of acid (H2SO4:H3PO4:H2O, 1:3:7) was added to 50ul
of the reaction mixture followed by 25ul of α-isonitrosopropiophenone (Sigma-Aldrich, St.
Louis, MO) and the samples heated for 45 minutes at 95°C. The samples were cooled for 10
minutes in the dark and the amount of urea formed was calculated using the absorbance at
540 nm and a urea standard curve as reference.
Antigen presenting function
Sorted populations were cultured for 5 days at a ratio of 1:4 with CFSE-labeled splenic
CD4+ T cells isolated from allogeneic donors (BALB/c for NZW/BXSB and C57BL/6 for
NZB/W mice) using magnetic beads (Miltenyi Biotech). Harvested cells were gated on CD4
Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 24.
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and the proliferative index measured using FlowJo software. Splenic CD11c cells cultured
with allogeneic spleen cells were used as a positive control. The proliferation index of each
sorted population was normalized to the value obtained for the CD11bhi/F4/80lo population
of each sample to yield a relative proliferation index (RPI) for each experiment.
Gene expression studies
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Real-time PCR was performed on total mRNA from isolated cells as previously described
(20, 32). Single F4/80hi cells from nephritic NZB/W mice were sorted into 96 well plates
containing 4 μl of lysis buffer and snap frozen on dry ice. cDNA was synthesized and qPCR
performed as previously described (33) using primers for beta-actin to test for the presence
of cells. cDNA(s) in positive wells were tested in triplicate for CCL2, IL-10, IL1RN (20),
CFB (forward, CTCGAACCTGCAGATCCAC, reverse TCAAAGTCCTGCGGTCGT) and
TIMP-1 (forward: GCAAAGAGCTTTCTCAAAGACC, reverse:
AGGGATAGATAAACAGGGAAACACT). The PCR program was: 5 min at 95°C; 45
cycles of 10 sec at 95°C, 10 sec at 55°C, and 10 sec at 72°C; followed by melting analysis.

RESULTS
Enrichment of mononuclear phagocyte sub-populations from kidneys
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We identified 5 populations of mononuclear phagocytes in NZB/W (Figure 1) and NZW/
BXSB (Figure S1) kidneys. The first is a population of plasmacytoid DCs (CD11b−/
CD11clo-int/F4/80−/B220+/PDCAhi) that comprises 0.5-1.0% of cells in the lymphocyte
monocyte gate (Figure S2A). These cells did not increase in frequency during disease
progression and were not studied further. The remaining cells could be distinguished based
on expression of the surface markers CD11c, CD11b and F4/80 (Figure 1A-F, S1). A
summary of phenotypic markers is presented in Table 1.
CD11bhi/F4/80−/Gr1hi/Ly6G hi /Ly6C hi neutrophils constituted <1.5% of all kidney cells
(Figure S2B-G) and did not increase during disease; these were excluded during sorting by
the lymphocyte monocyte gate. Importantly, CD11bhi/F4/80lo-int/Gr1hi inflammatory
macrophages were not found in the kidneys, although these cells were readily detected using
the same gating strategy in mice with nephrotoxic nephritis (22) and are reportedly present
in the kidneys of mice that develop SLE due to FcRIIB deficiency (34).

Author Manuscript

Nephritic mice had a 4-5 fold increase in renal CD11b+ cells compared with young mice or
24w old C57BL/6 mice (Figure 1G, S1). Using autoMACS purification CD11b+ and
CD11c+ cells were significantly enriched from kidney cell suspensions, with a greater
degree of enrichment from the kidneys of young mice that had fewer of these cells (Figure
1H). The enrichment did not alter the intrinsic ratios of the different CD11bhi subpopulations (Figure 1I). Analysis of the flow-through confirmed depletion of most of the
desired cells (not shown).
Cell morphology
Homogeneous sub-populations with >95% purity were obtained by cell sorting (Figures 2AE). Morphology of the isolated populations is shown in Figures 2F-J. We identified two
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populations of CD11chi DCs. The first (population i in Figure 1) is CD11blo-int/F4/80lo/
CD11chi and does not increase by >2 fold in frequency during nephritis in either strain. This
population has thick dendrites and a homogeneous cytoplasm (Figure 2F) and is
CD103hi/CD8− (Figure 2K, L); it will subsequently be referred to as CD103+ DCs.
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The second DC population is CD11bhi/F4/80lo/CD11chi (population iii in Figure 1) and has
a kidney shaped nucleus, small cytoplasmic vesicles and multiple long thin dendrites (Figure
2G). These cells have a veiled morphology by electron microscopy consistent with myeloid
DCs (22). They increase markedly during nephritis (Figure 1G) and are located either in
lymphoid aggregates in NZB/W mice or within glomeruli in NZW/BXSB mice (20, 35). In
young mice these are all MHCIIhi, but in nephritic mice, they can be divided into MHCIIhi
and MHCIIlo subsets with the majority being MHCIIlo. In NZB/W mice, the MHCIIlo
population also has moderately lower expression of CD11b (MFI in MHCIIhi 22.7 +/− 4.4 ×
103 vs. 15.8 +/− 6.0 × 103 in MHCIIlo; n = 9, p <0.05 – Figure S2H-L).
The CD103+ population is readily distinguished from the CD11bhi/ CD11chi myeloid DC
population by higher expression of BTLA and DEC205 and lower expression of CD43 and
CD14 (Figure 2M-P). In young mice these cells express lower MHCII and higher MHCI
than CD11bhi/F4/80lo/CD11chi myeloid dendritic cells (Table 1) but they do not
downregulate MHCII during active nephritis.
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We identified two populations of macrophage like cells. The dominant CD11bhi/F4/80hi/
CD11clo-int population (population iv in Figure 1) is found in the kidneys but not in the bone
marrow, spleen, lungs (Figure S1) or liver (not shown). These cells form a network
throughout the interstitium and surrounding glomeruli (20) as previously described for
CX3CR1+ resident renal macrophages (21). In young mice these cells have a uniformly
stained nucleus and small blunt dendritic processes (Figure 2H) but at proteinuria onset they
increase in number and accumulate large cytoplasmic autophagocytic vesicles ((22), Figure
2I). These cells will hereafter be referred to as F4/80hi cells. In contrast, the CD11bhi/
F4/80lo/CD11clo population (population v in Figure 1) is round with a kidney shaped
nucleus, indicating a monocytic origin (Figure 2J). These cells will hereafter be referred to
as F4/80lo cells. They are infrequent in NZB/W mice but variably increase in number in
nephritic NZW/BXSB mice (Figure 1G).
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Isolated cells survived for several days in vitro (Figure 3). The CD103hi population
(population i.) had numerous dendrites (Figure 3A) on which they showed spider-like
movement (Movie S1). The CD11bhi/ CD11chi myeloid DC population (population iii) was
circular to oval with many contracting and expanding filopods and dendrite-like projections
(Figure 3B). When these cells exhibited movement, the filopods were at the forward edge
and the long dendrites formed a tail. (Movie S2). The F4/80hi population (population iv) was
ellipsoidal to spindle shaped and spread over the surface of the culture dish (Figure 3C).
There were densely stained nucleoli and the cytoplasm contained vesicles (data not shown).
These cells were non motile, but formed large pseudopod like structures that exhibited
exaggerated protrusion and retraction (Movie S3). In addition these cells had long dendrite
like structures with pseudopods at their tips that attached the cells to the plate surface
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(arrows in Fig 3C). The F480lo population (population v) was round and firmly adherent
when cultured with M-CSF for 24 hrs (Figure 3D).
Functional characterization of the sorted populations
Antigen presenting function—Since local T cells may be pathogenic in lupus nephritis,
the antigen presenting function of the 4 subpopulations was studied by mixed lymphocyte
reaction. Figure 3E shows representative proliferation of CFSE labeled CD4+ T cells in
presence of the different sorted populations from a NZB/W mouse. CD103+ DCs had the
highest relative proliferative index followed by the F4/80hi macrophages and CD11bhi/
CD11chi DCs. Little proliferation was observed when T cells were co-incubated with the
F480lo cells (Figure 3F). Similar results were observed for cells from NZW/BXSB mice (not
shown).
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Arginase and iNOS activity—To understand whether the dominant F4/80hi population
displays either an M1 or M2 phenotype we tested for iNOS (M1) and arginase (M2) activity.
The F4/80hi population from either NZB/W or NZW/BXSB mice exhibited little iNOS
(Figure 4A) or arginase activity (Figure 4B) even after stimulation with cytokines for 48 hrs,
irrespective of the clinical status of the mice. In contrast, BM derived macrophages from the
same mice were responsive to cytokine stimulation and could readily be differentiated either
into M1 or M2 cells. To control for differences in the conditions of cell isolation, bone
marrow cells from NZW/BXSB mice were passed through the AutoMACS and cell sorter
before exposure to polarizing conditions. Arginase activity was readily detected after 48
hours of culture and iNOS activity was detected if the cells were matured for 5 days before
exposure to cytokines (not shown).
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Phagocytosis—F4/80hi macrophages displayed the most phagocytic activity in vitro, with
no differences between pre-diseased and diseased mice (Figure 4C). We obtained the same
result when fluorescent latex beads were administered in vivo and kidneys were examined 3
days later ((22) and data not shown).
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Gene expression studies—We have previously reported the results of gene expression
analyses in amplified DNA from the F4/80hi population from young and nephritic NZB/W
mice (22). To determine whether the same profiles were present in NZW/BXSB mice, gene
expression studies were performed using qRT-PCR of informative markers from
unamplified cDNA. The CD11bhi/F4/80hi population from NZW/BXSB mice, like that of
NZB/W mice (22), had a hybrid expression pattern of gene that includes the chemokine
CCL2, the anti-inflammatory cytokine IL-10, the C-type lectin Mincle, and tissue
remodeling genes MMP-14 and TIMP-1 (Figure 5A). qPCR analysis of single cells sorted
from the F480hi population of nephritic NZB/W mice indicated that the same cells expressed
both CCL2 (pro-inflammatory) and IL-10 (anti-inflammatory - 29 cells), CCL2 and
complement factor B (pro-inflammatory – 14 cells), CCL2 and IL1RA (anti-inflammatory –
8 cells) or CCL2 and TIMP1 (reparative – 9 cells). Finally, the same cells expressed CCL2,
IL-10, CFB and TIMP1 (14 cells). Within each experiment the level of mRNA expression
for each gene was similar in all the cells, confirming the mixed phenotype of this cell
population.
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We also performed comparative analysis of mRNA expression for selected genes among
mononuclear phagocyte subsets (Figure 5 and Table 1). The F4/80hi population could be
distinguished from the others based on expression of TLR3, TLR5, TLR9 (Figure 5B),
ITGAM, CCL7, and CX3CR1 (Figure 5C). CD103+ DCs expressed TLR3, as described for
this population in other organs, however unlike the CD103+ cell population in the gut it did
not express TLRs 5, 7 or 9. This population also expressed CCR2. CD11bhi/CD11chi DCs
were distinguished from CD103+ DCs by lower expression of TLR3, and higher expression
of ITGAM. The two DC populations expressed lower levels of iNOS than the macrophage
populations. The F4/80lo population expressed low levels of all the markers studied. Results
were similar for both strains of mice.

DISCUSSION
Author Manuscript

Macrophages and DCs are key players in acute renal inflammation (36-37) where they
function both to foster inflammation and to help repair the kidney once the eliciting stimulus
has dissipated. Macrophage and DC infiltration also occurs in chronic renal diseases such as
SLE and correlates with poor renal outcome in SLE patients (25-26). The present work
describes a method for functional evaluation several different subsets of macrophages and
DCs simultaneously isolated from the kidneys of pre-diseased and nephritic mice with SLE.
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Normal mouse kidneys have a heterogeneous resident population of mononuclear cells that
can sense injury or pathogens. The dominant population is F4/80hi/CX3CR1hi/MHCIIhi/
Gr1lo-int/CD86int/CD11bint/CD11cint and forms a network that is most dense in the renal
interstitium (21). We show here that this population constitutes the majority of the CD11b+
population in the kidneys of normal and young SLE mice, but is less commonly found in
other organs, a finding recently confirmed by others (38-39). In normal mice these cells are
yolk sac derived, express CX3CR1, depend on the M-CSF receptor and are independent of
Flt3, Id2 and IRF8 (10, 39). Functional studies have shown that they can present antigen,
they use dendrites to sample their local environment, and are poor NO producers, suggesting
that they might be DCs (17, 21). However because these cells express F4/80 they are also
often referred to as resident macrophages (40). Studies of human kidneys have similarly
found a network of CD68 positive cells throughout the interstitium (28-29, 41).
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Studies using in vitro stimulation protocols have classified activated macrophages into
inflammatory IL12 producing M1 and alternatively activated IL-10 producing M2
macrophages which themselves are divided into M2a, M2b and M2c subtypes. Of these,
M2a, induced by Th2 cytokines are thought to be anti-inflammatory, M2b, induced by TLR
ligation or immune complexes also secrete the pro-inflammatory cytokines TNF, IL1 and
IL6 and M2c, induced by glucocorticoids, are involved in wound healing (23, 42). Another
population of “regulatory” macrophages may be associated with tumors. These macrophage
phenotypes are not stable and mixed phenotypes inconsistent with any of the polarized in
vitro phenotypes have been described in vivo.
It is not surprising therefore, that macrophage function in injured kidneys may be quite
variable. During acute inflammation, infection or ischemia, CD11b+/F4/80+/Gr1hi/CCR2+/
CD62L+ macrophages that secrete pro-inflammatory cytokines are rapidly recruited to the
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kidneys. In contrast, exposure of intrinsic renal macrophages to apoptotic cells may promote
an anti-inflammatory M2 phenotype associated with release of IL-10 and TGFβ and
promotion of tubular repair; prolonged exposure to M2 macrophages may however result in
renal fibrosis. Finally, macrophages may have fibrolytic functions that although beneficial in
repair of acute injury, may foster excessive remodeling and damage in chronic nephritis
(reviewed (23)).
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Using flow cytometry, we identified distinct populations of renal macrophage-like cells in
both mouse strains. The dominant resident cell population is CD11bhi/F4/80hi/Ly6Clo-int/
MHCIIhi and has characteristics of macrophages including adherent and phagocytic
properties, but it also has dendrites, it continually forms and retracts processes when
cultured in vitro, and has antigen presenting function, characteristic of DCs. These cells
become activated at proteinuria onset with an increase in CD11b expression and
upregulation of CD80 and CD86 (20, 22, 35, 43). We have shown in NZB/W mice that renal
F4/80hi cells derive from circulating Ly6Clo-int monocytes and that their activation occurs in
situ in nephritic kidneys (22). We further show here that these cells cannot be induced in
vitro by cytokines to differentiate into either an M1 or M2 phenotype suggesting that they
are terminally differentiated.
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There are striking similarities between the F4/80hi renal mononuclear phagocyte population
and the analogous population of steady state mononuclear phagocytes in the gut. In the gut
this population is constitutively activated, is highly vacuolated and produces large amounts
of IL-10 and IL1RA that serve to control the pro-inflammatory response to commensal
bacteria (12, 44). Although the renal F4/80hi population from mice with active nephritis
shares this anti-inflammatory profile it also has pro-inflammatory properties (22); notably,
this phenotype is acquired only during active disease (22). A similar, but not identical,
profile has been reported in a murine model of SLE induced by activated lymphocyte
derived DNA (45); we show here that this profile is shared by a third SLE model, the NZW/
BXSB mouse. It has recently been reported that gut F4/80hi mononuclear cells can be
divided into two phenotypically similar subpopulations that vary in their level of expression
of CX3CR1 (46). CX3CR1lo cells produce pro-inflammatory cytokines and upregulate
expression of the inflammatory marker Trem-1 during colonic inflammation whereas
CX3CR1hi cells are large and highly vacuolated and produce large amounts of IL-10, even
during periods of inflammation (12). In contrast, previous flow cytometry experiments (22),
as well as the single cell PCR experiments shown here indicate that the same cells within
renal F4/80hi population in nephritic kidneys can produce both pro- and anti-inflammatory
mediators. A similarly mixed M1, M2 phenotype has been reported in the gut in the context
of mucosal infection (47) and other mixed phenotypes have been reported in the context of
resolution of inflammation (48). Interestingly the F4/80hi population in the gut expresses
genes that are associated with wound healing and tissue repair (12, 46). We also found an
increase in expression of genes associated with tissue repair in the renal F4/80hi population
from nephritic mice (22); this may result in excessive tissue remodeling during chronic
inflammation. In sum, the phenotype of the F4/80hi population in nephritic kidneys is a
mixed phenotype with a profile that suggests a failure to resolve chronic inflammation, most
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likely as the result of continued insult by nucleic acid containing immune complexes and
exposure to circulating inflammatory mediators.
In addition to the F4/80hi population we found a small population of non-phagocytic,
CD11bhi/F4/80lo/Ly6Cint-lo renal monocytes with poor antigen presentation capabilities.
These cells are similar in their cell surface phenotype and expression profile to renal
myeloid DCs but they have lower levels of MHCII and costimulatory molecules; they do
not, however, express CD11c, making it unlikely that they are immature DCs. Neither are
they immature neutrophils because they do not express Ly6G. Importantly, we were unable
to detect an inflammatory Ly6Chi population of M1 macrophages in either mouse strain at
any disease stage.
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At least three distinct populations of DCs are present in kidneys. There is a small population
of plasmacytoid DCs that does not increase in number by more than two-fold during disease.
The other two populations with clear DC morphology are morphologically, phenotypically
and functionally distinct from each other. Previous work has shown that the renal CD11blo/
CD103+ DC population in normal mice is of non-lymphoid origin and is derived from precDCs (10, 15). We show here that this cell is CD8αlo/CX3CR1−, has high levels of TLR3
(49), and, like CD8+ DC, expresses the coinhibitory molecule BTLA and the C type lectin
DEC205. It is easily distinguished from the CD11bhi/CD11chi population of DCs by
differential expression of MHCI and II and of CD14 and CD43. The role of these cells in the
kidneys is not known. In the lung they cross-present antigen to CD8 T cells and are needed
for optimal antiviral responses (50) but in the gut they may have a regulatory role since they
can induce expression of Foxp3 in CD4 T cells (51). Although, as we show here, CD103+
DCs are the most potent antigen presenting cells in the kidneys for CD4 T cells; they do not
however increase in number during nephritis in either mouse strain. Thus, if they have a
regulatory function, this may be overcome by the influx of other pro-inflammatory cells.
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Normal mice have a small population of CD103−CD11chi DCs within the renal interstitium
(38). In NZB/W and NZW/BXSB, but not in NZM2410 mice, proteinuria onset is associated
with the exuberant renal influx of CD11chi DCs that localize within lymphoid aggregates in
NZB/W mice, separate from the F4/80hi population, and in the glomeruli of NZW/BXSB
mice (20, 35). These cells are CD43hi/CD14hi/BTLAlo and they express low levels of
CX3CR1 and TLRs 3, 5, 7 and 9. We further show that they have antigen presentation
capabilities similar to that of the F4/80hi population but most have low expression of
MHCII. Whether these MHCIIlo cells reflect an influx of immature DCs into the kidneys
(52) or whether they have downregulated MHCII as a consequence of exposure to
inflammatory cytokines remains to be determined. Analysis of kidney biopsies from humans
with SLE nephritis has similarly revealed that at least three types of DCs, including
plasmacytoid DCs, can be identified in the interstitium in inflammatory renal diseases
whereas macrophages are found in and around glomeruli (41). While the phenotype of all
these different cells is being established using immunohistochemistry, their function is still
unknown. Our own genomic data from human lupus renal biopsies suggests that
macrophages located in and around glomeruli are functionally different from those in the
interstitium (53).
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While it is clear that the profile of DCs and macrophages changes in the kidneys during
active SLE nephritis, it remains to be determined which of these cell types is friend and
which is foe. Deletion studies in other models of renal inflammatory disease have yielded
mixed results depending both on the type of disease and the disease stage. In acute
nephrotoxic nephritis for example, deletion of macrophages is protective during
inflammation but deleterious during recovery and repair (8). In contrast, CD11b+ cells are
pathogenic in a mouse model of cryoglobulinemia with chronic membranoproliferative
nephritis (24). Similarly, we have shown that deletion of macrophages and DCs during early
nephritis using clodronate is protective in the NZB/W SLE model (54) but not in mice with
established proteinuria despite adequate depletion (data not shown). The renal mononuclear
cell profile in chronic SLE nephritis is clearly different from that observed in acute renal
injury with tissue necrosis. The phenotypic and functional profiles we have described here
will allow further characterization of renal mononuclear phagocytes and will enable specific
targeting of each cell type in chronic inflammatory renal disease so as to identify protective
and pathogenic subsets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was supported by NIH R01 DK085241-01.

REFERENCES
Author Manuscript
Author Manuscript

1. Kzhyshkowska J, Neyen C, Gordon S. Role of macrophage scavenger receptors in atherosclerosis.
Immunobiology. 2012; 217(5):492–502. [PubMed: 22437077]
2. Rutella S, Locatelli F. Intestinal dendritic cells in the pathogenesis of inflammatory bowel disease.
World J Gastroenterol. 2011; 17(33):3761–75. [PubMed: 21987618]
3. Garcia MR, Ledgerwood L, Yang Y, Xu J, Lal G, Burrell B, et al. Monocytic suppressive cells
mediate cardiovascular transplantation tolerance in mice. J Clin Invest. 2010; 120(7):2486–96.
[PubMed: 20551515]
4. Korf JE, Pynaert G, Tournoy K, Boonefaes T, Van Oosterhout A, Ginneberge D, et al. Macrophage
reprogramming by mycolic acid promotes a tolerogenic response in experimental asthma. Am J
Respir Crit Care Med. 2006; 174(2):152–60. [PubMed: 16675779]
5. Leuschner F, Rauch PJ, Ueno T, Gorbatov R, Marinelli B, Lee WW, et al. Rapid monocyte kinetics
in acute myocardial infarction are sustained by extramedullary monocytopoiesis. J Exp Med. 2012;
209(1):123–37. [PubMed: 22213805]
6. Lin SL, Castano AP, Nowlin BT, Lupher ML Jr. Duffield JS. Bone marrow Ly6Chigh monocytes
are selectively recruited to injured kidney and differentiate into functionally distinct populations. J
Immunol. 2009; 183(10):6733–43. [PubMed: 19864592]
7. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest. 2012;
122(3):787–95. [PubMed: 22378047]
8. Lee S, Huen S, Nishio H, Nishio S, Lee HK, Choi BS, et al. Distinct macrophage phenotypes
contribute to kidney injury and repair. J Am Soc Nephrol. 2011; 22(2):317–26. [PubMed:
21289217]
9. Filardy AA, Pires DR, Nunes MP, Takiya CM, Freire-de-Lima CG, Ribeiro-Gomes FL, et al.
Proinflammatory clearance of apoptotic neutrophils induces an IL-12(low)IL-10(high) regulatory
phenotype in macrophages. J Immunol. 2010; 185(4):2044–50. [PubMed: 20660352]

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 24.

Sahu et al.

Page 11

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

10. Hashimoto D, Miller J, Merad M. Dendritic cell and macrophage heterogeneity in vivo. Immunity.
2011; 35(3):323–35. [PubMed: 21943488]
11. Skold M, Behar SM. Tuberculosis triggers a tissue-dependent program of differentiation and
acquisition of effector functions by circulating monocytes. J Immunol. 2008; 181(9):6349–60.
[PubMed: 18941226]
12. Rivollier A, He J, Kole A, Valatas V, Kelsall BL. Inflammation switches the differentiation
program of Ly6Chi monocytes from antiinflammatory macrophages to inflammatory dendritic
cells in the colon. J Exp Med. 2012; 209(1):139–55. [PubMed: 22231304]
13. Pabst O, Bernhardt G. The puzzle of intestinal lamina propria dendritic cells and macrophages. Eur
J Immunol. 2010; 40(8):2107–11. [PubMed: 20853495]
14. Bain CC, Mowat AM. Intestinal macrophages -specialised adaptation to a unique environment. Eur
J Immunol. 2011; 41(9):2494–8. [PubMed: 21952804]
15. Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. The origin and
development of nonlymphoid tissue CD103+ DCs. J Exp Med. 2009; 206(13):3115–30. [PubMed:
20008528]
16. Hume DA, Gordon S. Mononuclear phagocyte system of the mouse defined by
immunohistochemical localization of antigen F4/80. Identification of resident macrophages in
renal medullary and cortical interstitium and the juxtaglomerular complex. J Exp Med. 1983;
157(5):1704–9. [PubMed: 6854206]
17. Kruger T, Benke D, Eitner F, Lang A, Wirtz M, Hamilton-Williams EE, et al. Identification and
functional characterization of dendritic cells in the healthy murine kidney and in experimental
glomerulonephritis. J Am Soc Nephrol. 2004; 15(3):613–21. [PubMed: 14978163]
18. Li L, Huang L, Sung SS, Vergis AL, Rosin DL, Rose CE Jr. et al. The chemokine receptors CCR2
and CX3CR1 mediate monocyte/macrophage trafficking in kidney ischemiareperfusion injury.
Kidney Int. 2008; 74(12):1526–37. [PubMed: 18843253]
19. John R, Nelson PJ. Dendritic cells in the kidney. J Am Soc Nephrol. 2007; 18(10):2628–35.
[PubMed: 17804672]
20. Schiffer L, Bethunaickan R, Ramanujam M, Huang W, Schiffer M, Tao H, et al. Activated renal
macrophages are markers of disease onset and disease remission in lupus nephritis. J Immunol.
2008; 180(3):1938–47. [PubMed: 18209092]
21. Soos TJ, Sims TN, Barisoni L, Lin K, Littman DR, Dustin ML, et al. CX3CR1+ interstitial
dendritic cells form a contiguous network throughout the entire kidney. Kidney Int. 2006; 70(3):
591–6. [PubMed: 16760907]
22. Bethunaickan R, Berthier CC, Ramanujam M, Sahu R, Zhang W, Sun Y, et al. A unique hybrid
renal mononuclear phagocyte activation phenotype in murine systemic lupus erythematosus
nephritis. J Immunol. 2011; 186(8):4994–5003. [PubMed: 21411733]
23. Anders HJ, Ryu M. Renal microenvironments and macrophage phenotypes determine progression
or resolution of renal inflammation and fibrosis. Kidney Int. 2011; 80(9):915–25. [PubMed:
21814171]
24. Guo S, Wietecha TA, Hudkins KL, Kida Y, Spencer MW, Pichaiwong W, et al. Macrophages are
essential contributors to kidney injury in murine cryoglobulinemic membranoproliferative
glomerulonephritis. Kidney Int. 2011; 80(9):946–58. [PubMed: 21814168]
25. Hill GS, Delahousse M, Nochy D, Mandet C, Bariety J. Proteinuria and tubulointerstitial lesions in
lupus nephritis. Kidney Int. 2001; 60(5):1893–903. [PubMed: 11703608]
26. Hill GS, Delahousse M, Nochy D, Remy P, Mignon F, Mery JP, et al. Predictive power of the
second renal biopsy in lupus nephritis: significance of macrophages. Kidney Int. 2001; 59(1):304–
16. [PubMed: 11135084]
27. Yang N, Isbel NM, Nikolic-Paterson DJ, Li Y, Ye R, Atkins RC, et al. Local macrophage
proliferation in human glomerulonephritis. Kidney Int. 1998; 54(1):143–51. [PubMed: 9648072]
28. Lindenmeyer M, Noessner E, Nelson PJ, Segerer S. Dendritic cells in experimental renal
inflammation--Part I. Nephron Exp Nephrol. 2011; 119(4):e83–90. [PubMed: 22133868]
29. Noessner E, Lindenmeyer M, Nelson PJ, Segerer S. Dendritic cells in human renal inflammation-Part II. Nephron Exp Nephrol. 2011; 119(4):e91–8. [PubMed: 22133869]

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 24.

Sahu et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

30. Ramanujam M, Wang X, Huang W, Liu Z, Schiffer L, Tao H, et al. Similarities and differences
between selective and nonselective BAFF blockade in murine SLE. J Clin Invest. 2006; 116(3):
724–34. [PubMed: 16485042]
31. Corraliza IM, Campo ML, Soler G, Modolell M. Determination of arginase activity in
macrophages: a micromethod. J Immunol Methods. 1994; 174(1-2):231–5. [PubMed: 8083527]
32. Liu Z, Bethunaickan R, Huang W, Lodhi U, Solano I, Madaio MP, et al. Interferon-alpha
accelerates murine systemic lupus erythematosus in a T cell-dependent manner. Arthritis Rheum.
2011; 63(1):219–29. [PubMed: 20954185]
33. Huang W, Moisini I, Bethunaickan R, Sahu R, Akerman M, Eilat D, et al. BAFF/APRIL Inhibition
Decreases Selection of Naive but Not Antigen-Induced Autoreactive B Cells in Murine Systemic
Lupus Erythematosus. J Immunol. 2011; 187(12):6571–80. [PubMed: 22102726]
34. Pisitkun P, Ha HL, Wang H, Claudio E, Tivy CC, Zhou H, et al. Interleukin-17 cytokines are
critical in development of fatal lupus glomerulonephritis. Immunity. 2012; 37(6):1104–15.
[PubMed: 23123062]
35. Kahn P, Ramanujam M, Bethunaickan R, Huang W, Tao H, Madaio MP, et al. Prevention of
murine antiphospholipid syndrome by BAFF blockade. Arthritis Rheum. 2008; 58(9):2824–34.
[PubMed: 18759321]
36. Holdsworth SR, Tipping PG. Leukocytes in glomerular injury. Semin Immunopathol. 2007; 29(4):
355–74. [PubMed: 17938927]
37. Ferenbach D, Kluth DC, Hughes J. Inflammatory cells in renal injury and repair. Semin Nephrol.
2007; 27(3):250–9. [PubMed: 17533004]
38. Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton SE, et al. Genetic tracing via
DNGR-1 expression history defines dendritic cells as a hematopoietic lineage. Cell. 2013; 154(4):
843–58. [PubMed: 23953115]
39. Yona S, Kim KW, Haffner R, Jung S. Unraveling chemokine and chemokine receptor expression
patterns using genetically engineered mice. Methods Mol Biol. 2013; 1013:129–44. [PubMed:
23625496]
40. Ferenbach D, Hughes J. Macrophages and dendritic cells: what is the difference? Kidney Int. 2008;
74(1):5–7. [PubMed: 18560360]
41. Segerer S, Heller F, Lindenmeyer MT, Schmid H, Cohen CD, Draganovici D, et al. Compartment
specific expression of dendritic cell markers in human glomerulonephritis. Kidney Int. 2008;
74(1):37–46. [PubMed: 18368027]
42. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in
diverse forms of macrophage activation and polarization. Trends Immunol. 2004; 25(12):677–86.
[PubMed: 15530839]
43. Ramanujam M, Bethunaickan R, Huang W, Tao H, Madaio MP, Davidson A. Selective blockade
of BAFF for the prevention and treatment of systemic lupus erythematosus nephritis in NZM2410
mice. Arthritis Rheum. 2010; 62(5):1457–68. [PubMed: 20131293]
44. Medina-Contreras O, Geem D, Laur O, Williams IR, Lira SA, Nusrat A, et al. CX3CR1 regulates
intestinal macrophage homeostasis, bacterial translocation, and colitogenic Th17 responses in
mice. J Clin Invest. 2011; 121(12):4787–95. [PubMed: 22045567]
45. Zhang W, Xu W, Xiong S. Blockade of Notch1 signaling alleviates murine lupus via blunting
macrophage activation and M2b polarization. J Immunol. 2010; 184(11):6465–78. [PubMed:
20427764]
46. Weber B, Saurer L, Schenk M, Dickgreber N, Mueller C. CX3CR1 defines functionally distinct
intestinal mononuclear phagocyte subsets which maintain their respective functions during
homeostatic and inflammatory conditions. Eur J Immunol. 2011; 41(3):773–9. [PubMed:
21341263]
47. Grainger JR, Wohlfert EA, Fuss IJ, Bouladoux N, Askenase MH, Legrand F, et al. Inflammatory
monocytes regulate pathologic responses to commensals during acute gastrointestinal infection.
Nat Med. 2013; 19(6):713–21. [PubMed: 23708291]
48. Stables MJ, Shah S, Camon EB, Lovering RC, Newson J, Bystrom J, et al. Transcriptomic analyses
of murine resolution-phase macrophages. Blood. 2011; 118(26):e192–208. [PubMed: 22012065]

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 24.

Sahu et al.

Page 13

Author Manuscript
Author Manuscript

49. Fujimoto K, Karuppuchamy T, Takemura N, Shimohigoshi M, Machida T, Haseda Y, et al. A new
subset of CD103+CD8alpha+ dendritic cells in the small intestine expresses TLR3, TLR7, and
TLR9 and induces Th1 response and CTL activity. J Immunol. 2011; 186(11):6287–95. [PubMed:
21525388]
50. Ho AW, Prabhu N, Betts RJ, Ge MQ, Dai X, Hutchinson PE, et al. Lung CD103+ dendritic cells
efficiently transport influenza virus to the lymph node and load viral antigen onto MHC class I for
presentation to CD8 T cells. J Immunol. 2011; 187(11):6011–21. [PubMed: 22043017]
51. Denning TL, Norris BA, Medina-Contreras O, Manicassamy S, Geem D, Madan R, et al.
Functional specializations of intestinal dendritic cell and macrophage subsets that control Th17
and regulatory T cell responses are dependent on the T cell/APC ratio, source of mouse strain, and
regional localization. J Immunol. 2011; 187(2):733–47. [PubMed: 21666057]
52. Fiore N, Castellano G, Blasi A, Capobianco C, Loverre A, Montinaro V, et al. Immature myeloid
and plasmacytoid dendritic cells infiltrate renal tubulointerstitium in patients with lupus nephritis.
Mol Immunol. 2008; 45(1):259–65. [PubMed: 17570528]
53. Berthier CC, Bethunaickan R, Gonzalez-Rivera T, Nair V, Ramanujam M, Zhang W, et al. Crossspecies transcriptional network analysis defines shared inflammatory responses in murine and
human lupus nephritis. J Immunol. 2012; 189(2):988–1001. [PubMed: 22723521]
54. Triantafyllopoulou A, Franzke CW, Seshan SV, Perino G, Kalliolias GD, Ramanujam M, et al.
Proliferative lesions and metalloproteinase activity in murine lupus nephritis mediated by type I
interferons and macrophages. Proc Natl Acad Sci U S A. 2010; 107(7):3012–7. [PubMed:
20133703]

Author Manuscript
Author Manuscript
Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 24.

Sahu et al.

Page 14

Author Manuscript
Author Manuscript
Figure 1.
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A-F: Gating strategy for sorting of macrophages and DCs from kidney cell suspensions of
NZB/W mice after MACS enrichment. A, B: After exclusion of doublets, cells were gated
on the lymphocyte/monocyte gate and dead cells were excluded by DAPI staining. C-F: The
CD11chi/CD11blo (i) population was sorted separately and the remaining CD11b+
population (ii) was further gated on CD11c and F4/80 to distinguish CD11chi/F4/80lo (iii),
CD11clo-int/F4/80hi (iv), and CD11clo/F4/80lo (v) populations. Note the increase in intensity
of CD11b staining and the increase in the frequency of the CD11chi/F4/80lo population (iii)
in nephritic (D, F) vs. young mice (C, E). G: The frequency of the four mononuclear
phagocyte cell types in the kidneys of young and nephritic mice expressed as a percentage of
the total live cell suspension; p values young vs. nephritic: * p <0.05, † p < 0.01. Stippled
grey bars represent three 24w old C57BL/6 mice. H: Fold enrichment of populations after
MACS. Note that the low abundance macrophage/DC populations are highly enriched by the
bead selection in the young mice. I: The relative proportion of the CD11b+ sub-populations
was maintained in the MACS enriched fractions compared with the corresponding fraction
of the total kidney cell population.
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Figure 2.
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Post sort analysis to confirm purity and morphology of the sorted populations from kidneys
of an NZB/W mouse. A: CD11blo/CD11chi/CD103+; B: CD11chi/F4/80lo; C: CD11clo-int/
F4/80hi; D:CD11clo/F4/80lo. Populations defined in Figure 1 are indicated in the top right
hand corner of each panel. E: Overlay of all four populations. Panels F-J show morphologic
features of isolated cells after Wright Giemsa stain. F: CD11blo/CD11chi/CD103+; G:
CD11chi/F4/80lo; H: CD11clo-int/F4/80hi (young mouse); I: CD11clo-int/F4/80hi (nephritic
mouse) J: CD11clo/F4/80lo. Note the increased number and size of vacuoles in panel J
compared with panel I. Representative of 5 mice. K-P: Phenotype of the CD11blo/CD11chi
populations: Rectangle in panel K shows CD11blo/CD11chi cells that are CD103+ and
CD8a− (L). Panels M-P show that the CD103+ CD11blo/CD11chi population (black lines) is
higher for BTLA and DEC205 and lower for CD43 and CD14 expression compared with the
CD11b+/F4/80lo/CD11chi DC population (grey lines). Results are representative of 5
nephritic NZB/W mice.
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Figure 3.
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Analysis of cell morphology and antigen presentation function: A-D: Phase contrast images
of the different sorted cell subpopulations after 24hrs of culture in 10% DMEM with M-CSF
(A and B) or GM-CSF (C and D). A: CD103+; B: CD11clo-int/F4/80hi - arrows indicate
structures that probably attach the cells to the plate; C: CD11chi/F4/80lo; D: CD11clo/
F4/80lo. Pictures taken at 20X magnification. Data are representation of 3-5 independent
experiments. E-F: Alloresponses of CD4 T cells to each of the four sorted subpopulations.
Relative proliferation index (RPI) of each population calculated by FlowJo software was
compared with the index of the CD11clo/F4/80lo population for each experiment. E:
Representative data from an NZB/W mouse shows proliferation of CFSE labeled CD4+
cells after 5 days in culture. F: Pooled data from young and nephritic mice (mean + 1SD). †
p <0.01 vs. age matched F4/80lo population.
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Functional profile of the F4/80hi sub-populations from NZB/W and NZW/BXSB mice. A:
Arginase activity was determined by monitoring production of urea from cell lysates. B:
iNOS expression was determined by monitoring production of nitrite in supernatant of
cultured cells. Data shown are mean ± 1SD. For each experiment, bone marrow
macrophages from the same mice were differentiated with M-CSF and used as a reference.
C: Phagocytic activity of the different sorted populations. *p<0.05; **p<0.01 vs. the F4/80hi
population.
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Figure 5.

Real-time PCR analysis of selected genes. A: Analysis of the transcriptional levels of
selected inflammatory genes in the F480hi population from young and nephritic mice of both
strains. B, C: Comparison of transcriptional levels of selected genes including chemokines
receptors and TLRs in F480hi populations from young and nephritic NZB/W mice (B)
compared with sorted F4/80lo and CD11chi and CD103+ DC populations from the nephritic
NZW/BXSB mice (C). Similar results as those shown in Panel C were obtained with
samples from the same populations from NZB/W mice (not shown). Pellets from 3-5
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individual mice were used per group, and experiments were repeated once. Data was
normalized to the mean of young NZB/W F4/80hi controls, given an arbitrary value of 1.
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Phenotype of renal mononuclear phagocyte sub-populations
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CD11bhi CD11chi (DC)

CD11bhi F4/80hi (MΦ)
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++
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-
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+
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TLR3
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TLR7
TLR9
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IL12
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iNOS
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ITGAM
CCL7
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Mean fold increase in cell number during nephritis
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